ABSTRACT
ontrast to 1, which retins a centosymmetric arrangement of nucleobases. Structures for 1-T1o DNA and (1-T1o)2 DNA species spanned by a pyrmidine srand (D-loop) were constructed. In the triple helical (1-Tl.)2-DNA structure, the two PNA srands form the complementary Watson-Cridk paired strand and the Hoogsen bae-rdstrand the major groove ofthe lDNA duplex. The PNA strands are propoed to bind antiparalel to one another in (1-T10)2 DNA sture. The factors s t to account for the stability ofthis 2:1 complex are (i) a hydrophobic atttion between two PNA backbones and (is) a favorable electrostatic effect resultIng from replbcement of a phosphodiester backbone by a neutral peptide backbone.
The term polyamide nucleic acids (PNAs) has been applied to sequences of N-(2-aminoethyl)glycine units in peptide linkage with the glycine nitrogens connected to purine or pyrimidine bases by an acetate linker (Structure 1) (1, 2). Explo-DNA 1 2 ration of their capabilities as antigene and antisense agents for DNA (3) (4) (5) and RNA (5) has been initiated. (For other examples of PNA surrogates, see ref. 6 and references therein.) Until now, the base used in most studies has been thymine, with occasional cytosines introduced to give mismatches with a purine complementary strand (2) . Oligomers of thymine-substituted 1 and complementary adenosine single-stranded DNA react in a 2:1 ratio to provide (1)2DNA (3 
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D-loc oxygen attached to ribose C3' and the phosphorus, respectively, while the -CH2CH2NH-units were superimposed on C4', C5', and 05'. Trans-amides were modeled to conform with the known preference for the trans -CONH-linkage (10) . The C termini were capped with lysine amide, in accord with the published PNA structures (1, 2) , to give structure 1-Tlo. The strands of 2-T9 were assembled in a like fashion.
1-TIO 2-T9
A CHARMM topology file (RTF) was written for the thymine 1 and 2 units by consideration of charges and atom types in DNA (as in DNAH.RTF) and glycine (as in AMINOH.RTF). Charged phosphate diesters were minimized with sodium counterions (charge 1+). A dielectric constant of 1 was used throughout. Duplex decamers of complementary 1 or 2 and DNA strands were minimized in CHARMM using 100 steps of steepest descents algorithm (force criterion, 0.001 kcal per 10 steps; 1 cal = 4.184 1), followed by adopted basis Newton- Synthesis. 2-T9 was synthesized on a solid support by a three-step cycle. In the first step, bromoacetic acid was coupled to Rink amide polystyrene resin, followed by nucleophilic displacement ofthe bromine with 1-(2-aminoethyl)thymine (13) . An Na[2-(3,5-dimethoxyphenyl)propyl-2-oxycarbonyl]-protected glycine was then coupled to the resin-bound secondary amine with standard benzotriazol-1-yloxytris(pyrrolidino)phosphonium hexafluorophosphate chemistry. The Na-protecting group was then removed with 5% trifluoroacetic acid/CH2Cl2 to generate the free amine. This process was repeated nine times to generate the full-length product. Alkylation of bis(trimethylsilyl)thymine (14) with bromoacetonitrile, followed by H2-Pd/C reduction, gave the starting 1-(2-aminoethyl)thymine monomer in 72% overall yield and >90% purity by 'H NMR. The nonamer was cleaved from the resin with 95% trifluoroacetic acid/H20. The final product was obtained in 30%o yield and >90% purity after HPLC purification and was characterized by mass spectroscopy. The Tm measurements ofbinding of 2-Tg to (dAp)1o were performed as described (1) but failed to show any binding.
RESULTS AND DISCUSSION
Inspection of the decamer B-[1-T1o-(dAp)1o] duplex (Fig. 1) shows that the structure of the 1-Tlo strand is predefined by a strong hydrogen bond between the side chain carbonyl oxygen (a to the methylene carrying the base) and the backbone amide NH in the next residue (3). This crucial repeating hydrogen-bonding motif has not previously been recognized as the required stabilizing influence for helical strands of 1. The PNA strand 1-Tio can be removed from the duplex decamer and subjected to energy minimization without loss of the specific hydrogen bonds between residues. Base orientations in 1 remain centrosymmetric even after extensive minimization in CHARMM (Fig. 2a) . Thus, this helical PNA strand possesses an inherent stability. In contrast, the polyamide strand of ds(2-Tg DNA) decamer lacks the intramolecular hydrogen bonding of 1 (shown in 3) required to stabilize the helical backbone conformation. When the helical strand of 2 is minimized in the absence of the complementary DNA strand, it adopts a more extended conformation than can be accommodated in ds(2-T9.DNA). This is not necessarily the preferred conformation but it shows the helical conformation not to be favored. Also, base orientations are disrupted from the centrosymmetrical arrangement in the helix (Fig. 2b) . Therefore, expenditure of energy is required to maintain the helicity and base alignments of 2 required for double helix formation. In addition, comparison of structures 1 and 2 reveals that 1 has only three Sp2 atoms in the backbone of each monomer while 2 has four. The increased rigidity in the backbone of 2 compared with 1 disfavors a helical structure for 2. Although the 2 are polyglycine structures, the alternating N substitution prevents internal hydrogen bonding and hampers helix formation.
For useful comparison, a model for 2 with 10 nucleotides and a lysine amide on the C terminus was constructed as in 1-T1o. Description of the method for generation of the D-loop structure of Scheme I is given in Materials and Methods. The end-to-end distance (5'-P to 3Y-OH) of the helical D-loop (11) was 40 A, which fits the gap created by removing 10 nucleoside units from one strand of the B-DNA structure. Incorporation of the TIO loop structure into I (Scheme H) com- Fig. 3 . In the exposed (dTp)lo loop structure, a few of the thymines are turned toward the purine (-)-strand due to the electrostatic interactions with the phosphates of the latter. Small openings between the duplex and the loop are detected, but the overall structure can be considered quite compact. The terminal -NHI group ofthe C-terminal lysine on the PNA interacts with two phosphates simultaneously [C2 and G3 on the (+)-strand; see Scheme U], and the protonated ethylamine on the N terminus interacts with the phosphate group on C3 on the (-)-strand.
The second 1-Tlo strand is accommodated with ease by Iml to yield IV (Fig. 4 and Scheme U). Few nonbonded interactions are observed between the (dTp)1o-loop and the other strands, but thymines close to thejunctions ofthe D-loop and duplex regions hydrogen bond with phosphate groups on the purine strand. Thymine in residue 6, centrally located in the D-loop, hydrogen bonds with an adenine -NH2. While it is difficult to make quantitative predictions based on molecular mechanics calculations as to the relative stabilities ofdsDNA I ). See Fig. 3 legend for atom coloring scheme of the duplex. The second strand of 1-T1o (orange) is situated in the major groove of the 1*DNA hybrid duplex, bound by Hoogsteen base-pairing to the purines. The orange PNA strand is antiparallel to the CPK colored PNA strand in the duplex (Fig. 3) .
